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Introduction 77
The cultivated strawberry (Fragaria × ananassa Duch.) is a temperate fruit crop that has 78 seen a 230% increase in worldwide production in the past three decades. Seventy-seven 79 countries produced a combined 9.2 million tons of the fresh fruit in 2017 [1] . While strawberry 80 production has traditionally been associated with temperate countries, strawberries can 81 nonetheless grow in the colder mountainous areas of the tropics [2] . In Asia, the Philippines is 82 the only tropical country that grows strawberries on a commercial scale. The country produced 83 819 tons of fresh strawberries in 2017 [1] . 84
Ninety-five percent of strawberry production in the Philippines is located in the high-85
altitude municipality of La Trinidad, Benguet (16°28'N 120°35'E, 1300 m). The region is 86 conducive for strawberry growth and development because of the relatively mild temperatures 87 throughout the year. Much of the strawberry production is done by small-holder farmers in an 88 area called the Strawberry Farm. Strawberry cultivars that have been grown in the area include 89 'Sweet Charlie', 'Chandler', and 'Whitney' from the United States, and 'Toyonoka' and 90 'Nyoho' from Japan. Currently, the Strawberry Farm mainly produces 'Sweet Charlie'. Many 91 of the strawberry farmers use runners obtained from several generations of vegetative 92 propagation, often swapping with or providing planting materials to neighboring farmers. This 93 exchange of runners has led to a potentially serious problem of cultivar misidentification. In 94 addition, different cultivars are usually grown in the same plot or in nearby plots to obtain 95 runners for the succeeding growing season, and farmers have not always been concerned about 96 mixing cultivars, much less properly labeling them when propagating, transferring, and 97 planting [3] . To exacerbate matters, whenever new planting materials arrive, farmers do not 98 follow proper naming conventions in identifying cultivars, often naming them based on the 99 country of origin. For instance, 'Sweet Charlie' planting materials obtained from Argentina are 100 named 'Sweet Charlie' Argentina and those from Washington, USA are named 'Sweet Charlie' 101 Washington. 102
Cultivar misidentification has been known to occur during asexual propagation of 103 strawberry plants in nurseries in the United States. These nurseries are the sources of planting 104 materials for commercial growers [4, 5] . Although morphological traits can be used to 105 differentiate strawberry cultivars, this technique has been found to be inconsistent because the 106 morphological differences are often small [6] and ambiguous [7] , especially during the early 107 vegetative stage and if two cultivars have a similar genetic lineage. Furthermore, phenotypic 108 alterations due to prevailing environmental conditions can also lead to cultivar 109 misidentification (e.g., plant height, fruit size, and fruit sweetness are affected by nutrient 110 availability and temperature) [7] . 111
Providing genetically correct planting stock is crucial in commercial strawberry production 112 because growers select specific cultivars for desirable traits that match customer preference 113 and the production capacities and limitations of the growers (e.g., yield, fruit size, and pest and 114 disease resistance) [8] . Thus, cultivar verification should be an essential step for farmers. It is 115 also necessary for certification programs and for the protection of the rights of plant breeders 116 [9] . Cultivar identification at the molecular level could solve this problem not just for the 117 strawberry but for other economically important crops that may be difficult to distinguish 118 morphologically or for those whose genetic lineage is unknown. 119
There have been several attempts to differentiate strawberry cultivars at the DNA level 120 using various molecular markers. Reported methods include randomly amplified polymorphic 121 DNA (RAPD) markers [7, [10] [11] [12] , amplified fragment length polymorphism (AFLP) markers 122 [13] [14] [15] , cleavage amplified polymorphisms (CAPS) [9], simple sequence repeats (SSR) 123 [16, 17] , and combinations of these markers [18] [19] [20] . A more recent molecular method of 124 cultivar discrimination is the use of single nucleotide polymorphism (SNP) markers. 125
The methods for SNPs discovery and validation have been perfected for several diploid 126 crop species, but the same cannot be said for many of the world's most important crops (e.g. 127 wheat, potato, sugarcane, and cotton) because they are polyploids. SNPs discovery in these 128 crops is mainly hindered by the complexity of their genome [21] [22] [23] . The larger number of 129 homologues has also posed challenges in the correct identification of SNPs [23] . 130
Such are the challenges being faced by the cultivated strawberry, an allo-octoploid (2n = 131 8x = 56) whose subgenome composition has not been fully elucidated [22] . This is evident 132 from the limited number of studies published on SNP markers for this crop, although successful 133 SNP discovery has been made in the diploid Fragaria vesca [24, 25] . 134
Several strategies for SNPs discovery and validation have been reported in other polyploid 135 crops [21] . One such method is the use of high-resolution melting curve analysis (MCA) using 136 fluorescent dyes following real-time PCR, which was employed in the autopolyploid alfalfa 137 [26] [27] [28] . The advantage of MCA is that it provides a single-step, closed-tube method that do 138 not require time-consuming confirmatory steps such as gel electrophoresis [29] . The tandem 139 use of real-time PCR and MCA can thus simplify SNP detection, quantification, and 140
genotyping [30] 141
In the Philippines, there have been no attempts to verify strawberry cultivars, either at the 142 morphological or molecular level. If farmers have not been careful during their asexual 143 propagation of runners from cultivars growing near each other, then there is a high probability 144
that a mix-up may have occurred, either during the runner harvest stage or the 145 transport/distribution stage. Therefore, this study aimed to explore the possibility of cultivar 146 misidentification in the main strawberry producing area in the Philippines by employing 147 molecular techniques. The objectives were (1) to develop a relatively inexpensive, simple, fast, 148 sensitive, and high-throughput, single-tube assay for SNP detection in strawberry cultivars 149 being grown in the Philippines; and (2) use the developed SNP markers to discriminate 150 amongst the cultivars and determine if any misidentification has indeed occurred. 151
Materials and methods 152
Mining of putative SNPs from nucleotide sequences and ESTs 153
All available nucleotide sequences of Fragaria that code for a trait that affects fruit 154 quality were downloaded and screened from the NCBI Genbank 155 were done using the CAP3 sequence assembly program (http://doua.prabi.fr/software/cap3). 159
A contiguous sequence/contig (consensus sequence) was generated and aligned with and a 160 reference genomic sequence using MEGA 6.0 to identify exonic and intronic regions and 161 candidate target regions for putative SNP discovery (sequence <200bp and located between 162 relatively conserved end regions). 163
Primer design 164
Primers were designed using Primer3 (http://bioinfo.ut.ee/primer3/) to generate a list of 165 candidate primer pairs. Viability of the primer pairs for successful amplification was assessed 166 using NetPrimer Primer Analysis (http://www.premierbiosoft.com/netprimer/). Criteria for 167 selection was based on difference in melting temperature <5°C, GC content ~50% and 168 probability of cross dimer, self-dimer and hairpin structure formation ∆G>-9.0 kcal. A 169 BLAST search of the target sequence was also done for verification of specificity to the 170 genus Fragaria. 171 A total of five primer pairs targeting the same region of the ANR gene was designed 172 (Table 1) . Primer Pairs A, B and C had Tm difference of ≈ 5°C and GC% = 50±15%. Self-173 dimers, hairpin structures and cross-dimers were present, but all were within the acceptable 174 values of ∆G ≥ -9.0. Primer Pair D and E had Tm difference of ≈ 5°C, GC% = 50±3%, and 175 self-dimer and hairpin ∆G = 0. Although there was an instance of cross dimers at ∆G = -4.9 176
for Primer D and ∆G = -6.03 for Primer E. Table 2) . 183
The names of the cultivars were provided by the farmers who were growing them, which they 184 identified based on the cultivar and supposed country from which the original planting 185 materials were obtained. 186
DNA extraction and Real-Time PCR 187
Young leaves from each of the collected specimens were lyophilized in liquid nitrogen 188 then ground into a fine powder with a mortar and pestle. DNA was extracted from the 189 powdered samples using the NucleoSpin™ Plant II (Macherey-Nagel, Germany) following 190 the protocol specified in the kit, and stored at -20°C prior to PCR analysis. 191
Extracted DNA samples were amplified by real-time PCR using the designed primers. 192
The 30µL initial PCR reaction was a mixture of the following: 15µL SSoAdvanced™ 193
Universal SYBR Green Supermix, 6µL DNA, 6µL nuclease-free water, 1.5µL Forward 194 primer and 1.5µL Reverse primer. Using the Bio-Rad® CFX96 Real-time PCR system Rad®, USA), cycling parameters were as follows: Polymerase activation and DNA 196 denaturation at 98°C for 5 min and 40 cycles at 98°C for 15 sec denaturation, optimum 197 temperature for specific primer pair (°C) for 60 sec annealing/extension. A replicate run of all 198 samples was also done and subjected to melting curve analysis (65-95°C, 0.5°C at 2-5 199 sec/step) to verify if the amplicon products were pure and single. 200
Post-amplification melting-curve analysis is a simple, straightforward way to check real-201 time PCR reactions for primer-dimer artifacts and to ensure reaction specificity. This method 202 revealed that Primer Pairs A and B were not suitable for target sequence amplification due to 203 their lack of reaction specificity. Thus, only Primer Pairs C, D, and E were used in the study. 204
The PCR amplicons were further subjected to gel electrophoresis to verify the presence of a 205 single band as an added visual confirmatory step. 206
For DNA sequencing, PCR amplicons were sent to Macrogen, Inc. (South Korea) for 207 processing as follows: the amplicons were first cleaned using the ExoSAP-IT PCR Clean-up 208
Kit following the manufacturer's instructions (USB Corp., Cleveland, OH, USA). The 209 purified amplicons were Sanger-sequenced using the BigDye Terminator v3.1 Cycle 210 Sequencing Kit on both forward and reverse strands then analyzed using the ABI PRISM 211 3730XL Analyzer (Applied Biosystems, Foster City, CA, USA). 212
The sequence data were aligned in MEGA 6.0 to screen for any differences in sequence 213 information such as base changes or insertions/deletions and to resolve possible errors in 214 sequencing and flanking ends. The sequences were further analyzed in BLAST to verify 215 specificity of the sequences to the ANR gene. The total number of SNPs and SNPs 216 distribution (i.e., transversions, transitions, and insertions/deletions) were also determined. 217
Cluster analysis 218
The SNP markers were then checked for their suitability in cultivar discrimination. 219
Phylogenetic analysis of SNP data was done using the Neighbor-Joining method on MEGA 220 6.0 to cluster closely related cultivars based on SNP characteristics. 221 The ANR is a gene of interest because there is a high probability that this region of the 235 genome might have undergone genetic modification from breeding programs due to its 236 involvement in proanthocyanidin (PA) biosynthesis. This gene regulates the conversion of 237 PAs, which are known flavonoids that affect the yield, survivability, forage traits and 238 healthiness of grown crops [31] . The gene is highly expressed during fruit development where 239
Results and discussion
PAs function for protection against biotic and abiotic stress and have great economic 240 significance due to their influence on the nutritional content of crops as a rich source of 241 antioxidants [31, 32] . These properties make the ANR a useful gene for marker-assisted 242 selection (MAS) and cultivar identification. Whitaker highlighted the need to develop 243 molecular markers for fruit quality traits in the cultivated strawberry [4] , a task which has not 244 been the major focus of breeding programs as of late. The SNP markers for the ANR gene 245 developed in this study could thus be a starting point for MAS or pedigree-based analysis in 246 this important crop. 247
Real-time PCR amplification and sequencing 248
Only 14 out of the 20 strawberry samples collected were successfully amplified by the three 249 primers. Real-time PCR amplification and subsequent melting curve analysis revealed clean, 250 unambiguous curves for the samples (Fig. 2) . Agarose gel electrophoresis further confirmed 251 the successful amplifications (data not shown). 252
Primer C produced 7 amplicons, whereas Primer D and Primer E produced 10 and 11 253 amplicons, respectively ( verified that the they were specific to Fragaria ANR. The 134-bp long DNA sequences were 259 then used for SNP discovery. 260
The use of real-time PCR followed by MCA with fluorescent dyes has proven to be a highly 261 sensitive method in the discovery of mutations and the genotyping of SNPs [27] . This 262 combination is a fast, simple, and low-cost method for SNP genotyping that is nonetheless 263 precise, reproducible, and flexible with a high-throughput capability. Its uses have been 264 described for humans, animals, and plants [29, 30, [33] [34] [35] [36] [37] . Although high-resolution MCA is a 265 more powerful tool for SNP characterization, standard MCA has been shown to be sufficient 266 for SNP genotyping wherein each melting curve correlates with the specificity of genotype 267 reactions [36, 37] . In this study, MCA was performed to ensure reaction specificity of the 268 primers for SNP detection. The MCA results showed successful amplification of 14 out of 20 269 strawberry samples. The successful amplicons were further verified by visualizing using 270 agarose gel electrophoresis. Although gel electrophoresis is an unnecessary step after real-time 271 PCR and MCA, discrepancies between melt peak data and gel electrophoresis bands have been 272 reported in other crops [38, 39] . But such discrepancies were not detected in this study, with 273 melt peak data coinciding with amplicons visualized by gel electrophoresis (data not shown). 274
SNP detection and cluster analysis 275
Alignment of the 13 DNA sequences produced 11 SNP markers ( Table 4 ). Eight of the 276 SNPs were biallelic and three were triallelic. There were three instances of transversions, three 277 transitions, and four InDels. The 11 SNP markers were then used for cluster analysis. The 278 markers were able to discriminate the samples into five distinct genotypic clusters with 7 279 distinctive genotypes (Table 4) al. [4, 42] , are currently the markers of choice in both public and private laboratories. Majority 303 of the samples sent for verification are from nurseries, with the rest coming from breeding 304 programs [4] . The main rationale for cultivar identification is to prevent misidentification of 305 planting materials in nurseries, especially after several cycles of runner propagation, protecting 306 the intellectual property rights of plant breeders, and ensuring correct identification of 307 germplasm collections [4, 9] . Molecular markers have already been used to settle cases of patent 308 infringement in certain strawberry cultivars [12, 43] . 309
The utilization of SNP markers in the strawberry is quite new. Ge et al. (2013) were first to 310 report on the use of SNP markers to discriminate among cultivars in China [44] . But the 311 problems associated with strawberry polyploidy were not tackled in their report. The IStraw90, 312 a 90 K Axiom® SNP array is currently the most comprehensive system for SNP detection and The cost for SNP detection and marker development using these systems is prohibitive for 320 strawberry-producing developing countries such as the Philippines that want to utilize SNPs 321 for MAS and cultivar verification. In this study, we were able to develop a simple, fast, and 322 inexpensive protocol for SNP discovery and utilization in cultivar verification. Although this 323 method does not provide a wide-ranging and thorough study of SNPs in the strawberry, it has 324 practical applications and requires only standard molecular biology equipment and freely 325 available software. 326
Cluster analysis 327
A phylogenetic tree was subsequently constructed using the Neighbor-Joining method 328 based on the SNP marker information (Fig. 3 One easily noticeable revelation from the phylogenetic tree is the clustering of the different 335 'Sweet Charlie' specimens into separate genotypic groups. Five of the 'Sweet Charlie' 336 specimens were grouped in Cluster 1 and one specimen each were placed in Clusters 2, 4, and 337
5. It appears that some of these supposedly 'Sweet Charlie' specimens were not properly 338 identified by the farmers. The same could be said for the three 'Strawberry Festival' specimens, 339 which were clustered into separate genotypic groups (Clusters 1, 3, and 4 ). On the other hand, 340 the two 'Winter Dawn' specimens were grouped in the same cluster (Cluster 5), indicating 341 correct identification for both. 342
The exact location at the Farm where each of these cultivars were collected is shown in Fig.  343 4. In Sampling Area 3, the farmers claimed to grow two cultivars only: 'Sweet Charlie' and 344 'Strawberry Festival'. However, the three 'Sweet Charlie' samples obtained from this location, 345 which had different origins, belonged to different clusters. Furthermore, the cultivar that they 346 identified as 'Strawberry Festival' is clustered with 'Sweet Charlie' Washington2. The same 347 could be said for Sampling Area 1 where two 'Strawberry Festival' samples growing in the 348 same plot had different SNP profiles ( Table 3 ). The constant exchange of planting materials 349 among farmers may have already resulted in a new mix-up wherein the 'Winter Dawn' plants 350
in Sampling Area 6 and 'Sweet Charlie'6 in Sampling Area 2 had identical SNP profiles (Table  351 4 and Fig. 4) . the farmers' identification of the cultivars they were planting. This raises the concern for the 356 correct identity of the strawberries being produced in the area. 357
There are very few reports on misidentification of strawberry cultivars based on molecular 358 marker information. Garcia et al. discovered three accessions of 'Pajaro', obtained from the 359 field, that exhibited different amplification profiles based on RAPD markers [7] . In this study, 360 the results indicated misidentification in the field where plants grown on the same plot and 361 identified as one cultivar turned out to be genetically distinct from each other. Conversely, 362 samples that were genotypically identical were identified as distinct cultivars ( Figs. 3 and 4) . 363
Cases of cultivar misidentification as detected by molecular markers have also been reported 364 in blueberry [50], apple [51], and black walnut [52] . 365
The large grouping of plant samples in Cluster 1 on the phylogenetic tree ( Fig. 3 ) could be 366 due to several reasons. It is highly likely that some of these samples are misidentified. There is 367 also a possibility that cultivars may have been misidentified at the country of origin. Another 368 reason could be that these cultivars share very close genetic relationships based on their 369 sequence alignments (Table 4) . It is also possible that the large grouping indicates that the SNP 370 markers used, which were developed from a single gene, were not enough to discriminate the 371 samples from each other. The effect of choosing molecular markers based on a specific 372 breeding trait can also influence clustering. Gil-Ariza et al. reported that tested cultivars 373 grouped according to breeding period and specific climatic adaptation traits [53] . It is not clear 374 which among the 'Sweet Charlie' samples analyzed in the study is the true 'Sweet Charlie'. 375
But the identical sequences of the 'Sweet Charlie' samples in Cluster 1 indicate that they came 376 from the same genetic source. Difficulties in distinguishing cultivars at the subspecies level is 377 challenging for single genes, an observation highlighted in the case of grapevine [54] . But the 378 complexity of the strawberry genome also means that in order to develop SNP markers for a 379 specific purpose (i.e., verifying misidentifications), using a single gene may be the more 380 appropriate choice [22] . 381 Figure 5 shows that although all of the leaf samples collected were supposedly of 'Sweet 383 Charlie,' the molecular analysis revealed that Samples A, B, D, F, and G belong to Cluster 1. 384
Leaf morphology 382
On the other hand, Samples C, E, and H belong to Clusters 5, 4, and 2, respectively ( Table 4) . 385
Morphologically speaking, the leaf shape (terminal and side leaflets) of Sample B is different 386 from the other samples classified in Cluster 1. In fact, it is more similar to Sample C. The leaf 387 of 'Sweet Charlie' is described as obovate, with the terminal leaflet having an obtuse base and 388 the side leaflets having oblique bases with rounded dentate margins [55] . Based on this 389 description, for samples in Cluster 1, Samples D and F have obtuse terminal leaflet bases, 390
whereas Samples A, B, and G have round bases. All of the leaf samples have side leaflets with 391 oblique bases. Only Samples D, F, and G can be described as having round-dentate leaf 392 margins, whereas Samples A and B have dentate margins. 393
Of all the leaf samples shown in Fig. 5 , Samples D and F closely match the leaf descriptions 394 of 'Sweet Charlie' in Cluster 1. However, Sample E (Cluster 4) and Sample H (Cluster 2) also 395 match this description. Although strawberry leaves can vary in other aspects such as gloss and 396 color of the adaxial and abaxial sides [56], it is difficult to assess the leaves based on such 397 characteristics because they are traits most prone to environmental influence such as the 398 availability of nutrients. Because the leaf samples were taken from different farmers, cultural 399 management practices, especially fertilization, can greatly differ, leading to differences in leaf 400 color and glossiness even in the same cultivar. 401
The leaf samples illustrate the great difficulty in characterizing strawberry plants especially 402 at the juvenile stage when they are mass propagated and transported to farmers. Characterizing 403 strawberry cultivars using morphological features are, therefore, not the most reliable method 404 to distinguish them from each other. This is true even for other crops because physiological 405 and environmental influences can modify these traits [5] . 406
Without the benefit of molecular tools, farmers rely solely on morphological 407 characteristics, particularly the leaves, when differentiating cultivars. But leaves of young 408 strawberry plants of different cultivars can appear nearly identical. And even leaves from the 409 same cultivar can appear different from each other. If there are fine distinctions, these are often 410 missed by the farmers who are not trained on morphological characterizations. 411
The case of misidentification for 'Sweet Charlie' is of particular importance to the 412 Philippine strawberry industry. A sequence of 'Sweet Charlie' was included in the BLAST 413 search to ensure that an EST of the cultivar was included due to it being the most propagated 414 in the Philippines. Thus, verification of the proper identity of this cultivar is of high importance. 415
All accessions of 'Strawberry Festival' and 'Sweet Charlie' were collected from the Strawberry 416 Farm, and there are no certified specimens for these two cultivars in the country that can be 417 used for molecular verification. Thus, it could not be determined which of the strawberry 418 samples is the genuine cultivar. The results of this study could only elucidate the relationships 419 between the samples collected based on similar or different genotypic identities. Further studies 420 are thus needed to clarify this point, not just for 'Sweet Charlie' but also for the other 421 misidentified cultivars. A larger study also needs to be conducted to determine the extent of 422 misidentifications among other cultivars being grown in the Philippines. 423
424
In conclusion, we developed 11 SNP markers from the ANR gene of the cultivated 425 strawberry to detect misidentifications among cultivars grown in La Trinidad, Benguet, 426
Philippines. The methods used in this verification study is of practical importance to the 427 strawberry industry because it is a relatively inexpensive, simple, fast, sensitive, and high-428 throughput, single-tube assay for SNP detection. It requires only a DNA extraction kit, a PCR 429 Kit, a real-time PCR system, freely available software, and the cost of DNA sequencing. The 430 results of this study indicate that the farmers' identification of strawberry cultivars was not in 431 line with the molecular evidence, which revealed that many of the plant samples tested were 432 inaccurately identified based on clustering analysis. 433 Table 3 . SNP profiles of the 13 cultivar specimens based on the full array of 11 SNP markers. 797 798 Cultivars  1  2  3  4  5  6  7  8  9  10  11   Sweet Charlie Arg2  --TT GG AA --AA CC CC AA AA 799   800  801  802  803  804  805  806  807  808  809  810  811  812  813  814  815  816  817  818  819  820  821  822  823  824  825  826  827  828   829  830   831  832  833  834 844  845  846  847  848  849  850  851  852  853  854  855  856  857  858  859  860  861  862  863 868  869  870  871  872  873  874  875  876  877  878  879  880  881  882  883  884  885  886  887  888  889  890  891  892 
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